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Abstract 
Dye-sensitized solar cells (DSCs) have used transparent conductive Fluorine-doped SnO2 (FTO) glass/porous TiO2 
layer attached using dye molecules/electrolytes (I-/I3-)/Pt-coated FTO glass configuration. In this work, prior to the 
coating of nanoporous TiO2 layer on FTO glass, a dense layer of TiO2 less than ~100nm in thickness as an electron 
blocking layer was deposited directly onto the FTO using radio frequency (RF) magnetron sputtering technology. 
Under 100 mW/cm2 illumination at AM 1.5, the energy conversion efficiency ( ) of the prepared DSC with electron 
blocking layer of 60nm thickness was 6.77% (Voc = 0.715 V, Jsc = 12.932 mA/cm2, ff = 0.74), which is increased by 
1.27% compared to the general cell without electron blocking layer. 
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1. Introduction 
Dye-sensitized solar cells (DSCs) have been intensively studied since the discovery of them in 1991 
[1]. There is currently considerable interest in DSCs for use in a new generation of energy harvesting 
devices due to the simple structure and process, low cost fabrication, transparency, color control, and 
applicability in flexible DSCs [2-4]. DSCs consist of a wide bandgap nanoporous metal oxide film such 
as TiO2 deposited on a conductive oxide layer as an electron transport layer. Nanoporous TiO2 is 
commonly used in DSCs to embed a high density of dye molecules onto the TiO2 surface to hence 
enhance the photo-absorption process. A photoanode of general DSC is composed of a dye-attached 
nanoporous TiO2 film coated on a transparent conductive Fluorine-doped SnO2 (FTO) glass. The large 
number of dye molecules encasing the large surface area of TiO2 nanoparticles enables efficient light 
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harvesting. However, electron/charge transport has a limiting factor in the performance of the electron 
collecting layer of nanoparticles. The interface between the FTO glass and TiO2 nanoparticles is almost 
exposed to the electrolyte due to the porous structure of the TiO2 layer. The leakage by electron back 
transfer takes place from the FTO layer to the electrolyte, and thus leads to a decrease in cell efficiency. 
An electron blocking layer on the FTO electrode in DSCs can be adapted for minimizing the electron 
leakage [4, 5]. However, the optimum condition of the electron blocking layer required for high cell 
efficiency was not fully clarified.  
In this work, prior to the coating of nanoporous TiO2 film on FTO glass electrode, a dense TiO2 film 
less than ~100nm in thickness as an electron blocking layer was deposited by RF magnetron sputtering 
onto the FTO to be isolated from the electrolyte. The photovoltaic characteristics of the fabricated DSCs 
with various blocking layer thickness were investigated experimentally. The discussion was focused on 
the relationship between blocking layer condition and cell efficiency obtained by analyzing the 
photoelectric conversion efficiency and electrochemical impedance measurements. 
2. Experimental 
2.1. Preparation of TiO2 blocking layers 
Figure 1 shows a schematic illustration of RF magnetron sputtering apparatus. A TiO2 layer as a 
blocking layer was deposited on a FTO glass by RF magnetron sputtering following the reported method 
[6]. The TiO2 thin films were deposited onto FTO glass in Ar gas pressure of 3 mTorr at the substrate 
temperature of 300 C. RF power between the target and substrate was maintained at 250 W. The distance 
between substrate and target surfaces was 100 mm. The deposition condition of TiO2 films with various 
thicknesses by RF magnetron sputtering different deposition time ranging from 5 to 20 minutes. The 
thickness of the TiO2 layer was ranging from 20 to 80 nm.  
 
 
 
Fig.1. Schematic diagram of RF magnetron sputter system. 
 
The microstructure and thickness of the TiO2 thin film were observed by field emission scanning 
electron microscope (FE-SEM; Hitachi, S-4300). Energy Dispersive x-ray Spectroscopy (EDS) and X-ray 
photoelectron spectroscopy (XPS) were used to investigate the chemistry of the deposited TiO2 layer. 
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2.2. Nanoporous TiO2 and cell fabrication  
The fabrication process of the cell has been described in detail elsewhere [6-9], and is summarized as 
follows. Figure 2 shows the fabrication procedures of DSCs photo-anode with blocking layer. A layer of 
TiO2 pastes with a thickness of ~15 m (Ti-20, ENB Korea) was coated on to the as-deposited layer of 
TiO2/FTO glass using Dr. Blade method, followed by a heat treatment at 450oC for 30 minutes. The sol-
gel combustion method was used to produce the nanoporous TiO2. The TiO2 gel was sintered at 450oC for 
150 minutes resulted in the uniform spherical morphology of the nanoparticles, as well as the uniform 
size distribution with ~15 nm in diameter. The active area of the prepared nanoporous TiO2 electrode was 
25 mm2 (5 mm  5 mm). Dye (N719) adsorption was carried out by dipping the TiO2 photo-electrode in t-
butanol/acetonitrile solution at 25 C for 48 hours.  
 
 
Fig.2. Fabrication procedures of DSCs photo-electrode with TiO2 blocking layer. 
The counter electrode was used Pt-sputtered FTO glass, and assembled with the dye-adsorbed TiO2 
photo-anode for cell fabrication. The two electrodes were separated with 25 m Surlyn and sealed by 
heating. The internal space was filled with the electrolyte through the drilled holes which were sealed 
with Surlyn and cover glass. In order to reveal the effects of the TiO2 blocking layer on photovoltaic 
performance, the impedance distribution and conversion efficiency of the fabricated DSCs were measured 
using an electrochemical impedance analyzer (EIA; IM6, ZAHNER) and solar simulator (XES-301S+EL-
100; SAN-EI ELECTRIC), respectively. 
3. Results and Discussion  
Figure 3 shows the cross-sectional SEM image and EDS line profile of the TiO2/FTO glass prepared 
by 15 minutes sputtering at substrate temperature of 300oC. In this experiment, the thicknesses of TiO2 
layers were 20, 40, 60 and 80 nm for deposition time of 5, 10, 15 and 20 minutes, respectively. The 
deposition ratio was 4 nm/minutes. The TiO2 layer forms homogeneously and supports the linear 
relationship between the layer thickness and deposition times. As shown in Fig. 3, the region of 
coexistence of titanium and oxygen adjacent to the top FTO suggests the formation of a TiO2 nanolayer at 
the surface of the FTO film. The EDS line scan profile from the TiO2 layer to the FTO glass layer shows 
that Ti abruptly decreases from ~7 a.u. to below detectable limits at the boundary, while the O2 is almost 
constant to ~10 a.u., as expected for the FTO component. It can be seen, from the result of Fig. 3, that the 
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formation of the nano-scaled TiO2 layer on the FTO film is clearly confirmed. Also, we believe that the 
TiO2 region of 60 nm thickness broadens over 100 nm in the FTO region due to scattering [10]. 
 
 
 
Fig. 3. Cross-sectional SEM image and EDS line profile of the TiO2/FTO glass obtained with deposition time at 15 minutes  
 
Figure 4 shows the XPS spectra for the TiO2 layer prepared by RF magnetron sputtering for 15 
minutes. Only signals from Ti, O, and C can be observed in this TiO2/FTO layers. The carbon may 
mainly come from the surface contaminants. No signals from F and Sn, which are characteristic elements 
in FTO glass, can be detected in the XPS measurement. On the other hand, for case 20 and 40 nm, the 
XPS signals included peaks for metallic Sn and SnO2, derived from the surface of FTO layer [11].  
 
 
 
 
Fig. 4. XPS spectra for the TiO2 layer prepared by RF magnetron sputtering with deposition time at 15 minutes. 
 
The TiO2 layer of 20 nm thickness showed a metallic Sn peak with intensity higher than that of the 
TiO2 layer of 40 nm thickness. It can be seen from the XPS results that the FTO surface is entirely 
covered by the TiO2 blocking layer over 60 nm thickness.  
Figure 5. shows the impedance characteristics of the DSCs sample using TiO2 blocking layer 
processed via RF magnetron sputtering times for 5 to 20 minutes. The three semicircular shapes were 
assigned to the impedance related to the charge transport at the counter electrode (R1), at the TiO2 
nanoparticles/dye/electrolyte interface (R2) and the carrier transport by ions in the electrolyte (R3) [12]. 
The resistance Rh is defined as a resistance in the high-frequency range over 1 MHz, influenced by the 
sheet resistance FTO layer and the contact resistance between the FTO and TiO2. For case TiO2 layer of 
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20 nm thickness, the values of R1, R2, R3 and Rh were 21.6, 44.6, 23.2 and 36.
resistance, Rs, was 81 40 nm, the values of R1, R2, R3 and Rh were 21.9, 43.5, 23.9 and 36
respectively. The Rs was 82.3 60 nm, the values of R1, R2, R3 and Rh were 22.1, 45.6, 23.2 and 
26 pectively. The Rs was 71.5 80 nm, the values of R1, R2, R3 and Rh were 22.8, 44.6, 
23.6 and 22.4 Rs was 69.8  
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Fig.5. Impedance characteristics of the DSCs sample using TiO2 blocking layer varied with deposition times at 5(20 nm),          
10(40 nm), 15(60 nm) and 20(80 nm) minutes. 
 
From the impedance profiles, the samples at greater than 60 nm show low Rh properties, which were 
about 80% for the samples at less than 40 nm. A clear decrease with the increase in the TiO2 layer 
thickness can be recognized for Rh. A gradual decrease in Rh at less than 40 nm may indicate the existence 
of holes (incomplete coverage) or electron leakage to the electrolyte through the thin TiO2 layer, while the 
sharp Rh decrease over 40 nm indicates that the electron leakage can be effectively blocked, and the Rh 
decrease by the rate of 37% more or less was obtained at 60 nm condition. It can be, therefore, found that 
the TiO2 blocking layer of 60 nm thickness is optimum by decreasing Rh to the minimum in this 
experimental condition. 
The current (I) and voltage (V) of the prepared cells with an active area of 0.2 cm2 TiO2 blocking layer 
were measured using simulated sunlight at AM-1.5 produced by a 150 W solar simulator. Fig. 6. Shows 
the current-voltage (I-V) characteristics of the cells, the photovoltaic performance of the fabricated DSCs 
using the TiO2 blocking layers. The maximum efficiency of the DSCs sample with a TiO2 blocking layer 
of 60 nm thickness was ~6.77% (Voc: 0.71 V, Jsc: 12.932 mA/cm2, ff: 0.74), while the value of the sample 
of 20 nm thickness was ~5.85% (Voc: 0.707 V, Jsc: 12.12 mA/cm2, ff: 0.68). From the result of Fig. 6, the 
maximum efficiency of 6.77% is to be enhanced by 1.27% compared to the general cell without blocking 
layer [13]. Furthermore, the ff is related to the series resistance, Rs, of the cells and Voc is related to the 
potential difference between the TiO2 and the electrolyte in the cell. This indicates that the conductivity 
and porosity of the TiO2 layers slightly affect the series resistance of the cell and the Fermi level of the 
TiO2 electrode. On the other hand, Jsc and  show distinct variations with TiO2 blocking layer 
thicknesses. Jsc is the most influential factor on the cell efficiency, although many other factors in 
combination can affect the cell efficiency. From the results, the values of Jsc at greater than 60 nm are 
higher compared with those at < 40nm. The variation of Jsc can be explained as follows. In DSCs, Jsc is 
closely related to electron generation, electron transport, and electron diffusion. As can be seen in Fig. 5, 
the Rh of the TiO2/FTO layers is the lowest at greater than 60nm. The low Rh can improve the electron 
transport and mobility; therefore, it increases the Jsc. 
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Fig. 6. Current-voltage (I-V) characteristics of the DSCs with TiO2 blocking layer measured by solar simulator. 
 
4. Conclusion  
The nano-scaled TiO2 layer was deposited by RF magnetron sputtering, and introduced in 
FTO/nanoporous TiO2 interface of DSCs in order to minimize the electron leakage from FTO into the 
electrolyte. The FTO surface can be entirely covered by the TiO2 blocking layer over 60 nm thickness. 
The analysis of the impedance and I V characteristics revealed that an increase in this blocking layer, 
greater than 60 nm, significantly suppresses the electron leakage, decreasing the Rh by the rate of 37%. 
The maximum efficiency of 6.77% (Voc: 0.71 V, Jsc: 12.932 mA/cm2, ff: 0.74) measured with the cell 
using the blocking layer is increased by 1.27%, compared to the general cell without blocking layer. 
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